The capability of the Surface inFiltration Baseflow (SFB) conceptual rainfall-runoff model to simulate streamflow for three catchments selected from northern Iraq is investigated. These catchments differ in their climatic regimes and physical characteristics. Three versions of the model were tested: the original three-parameter model (SFB), the modified five-parameter model (SFB-5), and the modified six-parameter model (SFB-6). The available daily precipitation, potential évapotranspiration and runoff data were used in conjunction with a simulated annealing (SA) optimization technique to calibrate the various versions of the SFB model. A simple sensitivity analysis was then carried out to determine the relative importance of the model parameters. The study indicated that use of the original three parameter model was not adequate to simulate monthly streamflow in the selected catchments. The modified version (SFB-5) provided better runoff simulation than the original SFB model; overall a 19% increase was observed in the coefficient of determination (R~) between simulated and observed monthly runoff. The SFB-5 model performed with varying degrees of success among the catchments. The model performance in the validation stage was reasonable and comparable to that of the calibration stage. The sensitivity analysis of the SFB model for arid catchments revealed that the baseflow parameter (B) was the most sensitive one, while the S and F parameters were less sensitive than the B parameter.
INTRODUCTION
Proper estimation of runoff magnitude is required for efficient design, planning, and management of river basin projects that deal with conservation and utilization of water for various purposes. To determine accurately the quantity of surface runoff that takes place in any river basin, understanding of the complex relationship between rainfall and runoff processes, which depends upon many geomorphological and climatic factors, is necessary. To simulate time series of representative streamflow values a model that is simple enough to understand as well as use, yet complex enough to be representative of the system, is required. Conceptual rainfall-runoff models (or water balance models) are useful tools for engineers in charge of water resources projects. Conceptual rainfall-runoff watershed models are computer-based hydrological models, which have become popular with practising hydrologists and water resources engineers for hydrological forecasting and for managing water systems.
In this study, the Surface inFiltration Baseflow (SFB) conceptual rainfall-runoff model (Boughton, 1984) was applied to three catchments located in northern Iraq: Greater Zab (26 430 km 2 ), Khazir (2900 km 2 ), and Al-Adhaim (13 000 km 2 ). Three to six years of meteorological and hydrological data were used to calibrate the model. Another two years of the record were used for model validation. The main inputs to the model were daily rainfall (mm), daily potential evaporation (mm), and daily observed runoff (mm). The model outputs were simulated monthly runoff (mm), monthly baseflow (mm), monthly actual evaporation (mm), and monthly soil moisture (mm). The model has seven parameters. The question of how many model parameters must be optimized to obtain adequate simulation of streamflow, was addressed. This can be answered either through conducting sensitivity analysis of the model parameters or using different versions of the model. In this study, different versions of the model were used: the original three-parameter model (SFB), the modified five-parameter model , and the modified six-parameter model . In all cases the indicated number of model parameters were optimized, while the others were fixed at values recommended by Boughton (1984) . The stochastic global optimization technique known as simulated annealing was used to ensure that the calibrated parameters were optimal. The sum of the squared differences between the observed and simulated monthly runoff was used as an objective function. In addition, sensitivity analysis was conducted to determine the relative importance of the model parameters. The relationships between estimated parameters and catchment physical and climatic characteristics were considered. Such relationships are important for studies concerned with regionalization or transferability of the model parameters such that they can be used for ungauged catchments. A limited number of studies have reported such relationships (e.g. Abdulla & Lettenmaier, 1997) .
The results obtained from this study may provide the decision-maker with sufficient information about the hydrology of the area to achieve better hydrological and agricultural management. Study of the rainfall-runoff relationship of the two important Tigris tributaries (Al-Adhaim and Greater Zab) is essential in predicting both the volume and time-to-peak of flood events which can have a serious effect on the big cities located on the downstream reaches of those tributaries.
STUDY AREA
The major water resources in Iraq are the Tigris and the Euphrates rivers. Two tributaries of the Tigris River located in northern Iraq were selected in this study: the Greater Zab and Al-Adhaim Rivers. The Khazir River, a sub-basin of the Greater Zab, was considered also.
Greater Zab basin
The Greater Zab and its tributaries are situated between latitudes 36°N and 38°N, and longitudes 43°18'E and 44°18'E. The area drained by the Greater Zab is to the east of the Tigris. The Greater Zab originates from the mountainous area in Turkey at an altitude of about 4168 m a.m.s.l. About 34.8% of this catchment is located in Turkey (Mohammed, 1989) . The catchment area of the Greater Zab and its tributaries is 26 473 km 2 . The Khazir River (2900 km 2 ) joins the right bank of the Greater Zab 14 km downstream of the gauging station at Eski-Kelek. It is located in a mountainous area with elevations ranging between 500 and 1000 m a.m.s.l.
Most of the precipitation in the Greater Zab basin occurs in winter and spring. Annual rainfall ranges from 350 to 1000 mm. Typically, the rainfall is distributed over the year: 48.9% including snowfall, falls in winter, 37.5%) in spring, 12.9% in autumn, and 0.57% in summer (Al-Dulaimi, 1991; Mohammed, 1989) .
Al-Adhaim basin
The Al-Adhaim River is located in northeast Iraq. It originates from hilly and mountainous areas of elevation 1400-1800 m a.m.s.l. It joins the Tigris at an elevation of about 150 m nearly 13 km downstream of Blad city. Its length from source to the junction with the Tigris is 230 km. The catchment area of the Al-Adhaim River is about 13 000 km 2 . It is an area with practically no snowfall, and even rainfall is limited. Thus, effective flow occurs during the rainy season only. The annual precipitation for the Al-Adhaim basin ranges from 187 to 360 mm, and temperatures vary between 6.7 and 50°C). Accordingly, Al-Adhaim can be classified as an arid basin.
DATA USED
Climatological data (rainfall, evaporation, maximum and minimum temperature, relative humidity, wind speed, and sunshine duration hours) were obtained from the Ministry of Irrigation for the period 1968-1976. The model input of areal precipitation for each catchment was calculated using the Thiessen method. The number of rainfall stations used for each catchment varied from 2 to 4 ( Pruitt, 1975) . The daily streamflow data were obtained from the Ministry of Irrigation in Iraq (Das, 1976) . Topographic and land cover maps were used to determine the weighting factor for the rainfall stations and the crop coefficient required by the evaporation equation, respectively.
MODEL DESCRIPTION
The SFB model introduced by Boughton (1984) was used in this study (Fig. 1) . This model has been used extensively in Australia as a mean of estimating monthly streamflow from rainfall and potential évapotranspiration (Nathan & McMahon, 1990; Chiew et al, 1993; Bates et al, 1994; Sumner et al, 1997; Ye et al, 1997 ). The SFB model was selected due to its simplicity, the small number of parameters to be fitted, and its small data requirements. Also, it performs well when compared with complex models in arid and semiarid regions (Ye et al, 1997) . Several versions of the model were tested and are described below. 
Original three-parameter version (SFB-3)
The model requires specification of seven model parameters. The original SFB model required calibration of only three parameters: the surface storage capacity, S; the daily infiltration capacity, F, controlling percolation from the surface store to the lower store (groundwater store); and a baseflow parameter, B that determines the portion of the daily depletion of groundwater that appears as baseflow. The remaining four parameters are fixed (Boughton, 1984) : the fraction of the surface storage capacity that does not drain to the lower store (NDC = 0.5); the maximum limiting rate of evaporation (Zw = 8-9 mm day" 1 ); the lower store depletion factor (DPF = 0.005); and a baseflow threshold for the lower store (SZ)iJ max = 25 mm) which means there has to be at least 25 mm of water in the lower store before any baseflow occurs.
Surface runoff (Q s ) occurs when the surface store is full and is described as:
in which P is the rainfall excess remaining after the surface store is filled. The lower store is depleted by deep percolation (D p ) and baseflow (Q p ) which are calculated as:
where SS > 0 is the depth of water in the lower store.
The non-drainage component is depleted each day by évapotranspiration. When this component is full, evaporation occurs at the potential rate, E pot . Otherwise, the actual evaporation rate is determined by:
where 5 > 0 is the depth of water in the non-drainage component of the surface store.
Five-parameter modified version (SFB-5)
Previous studies have shown that the performance of the SFB model can be enhanced if some or all the parameters are calibrated (Nathan & McMahon, 1990; Bates et al., 1994; Ye et al., 1997) . Nathan & McMahon (1990) suggested a modified version of the SFB model in which parameters NDC and DPF are allowed to vary. In this case, five of the model parameters require calibration. They concluded that the original values of the two fixed parameters are reasonable and the SFB model should be used as originally proposed by Boughton. In this study, the SFB-5 modified version will be tested to see how much additional improvement in the performance of the SFB could be achieved for the study catchments.
Six-parameter modified version (SFB-6)
In this case, six of the SFB model parameters are allowed to vary. The additional parameter is the SDR rmx defining the depth of water in the lower store at which baseflow occurs.
MODEL CALIBRATION
The three versions of the Surface inFiltration Baseflow (SFB) model were applied to simulate monthly runoff for the three catchments described earlier, for periods of three to six years between 1971 and 1976, to calibrate the model. Two statistical parameters as well as graphical representation were used to describe the quality of the simulation results. These were the coefficient of determination (R 2 ), and the percentage error between observed and simulated total runoff (AV%) (relative bias). The improvement in R 2 , as the level of parameterization increased, was used to compare the different versions of the SFB model.
Parameter estimation
Conceptual rainfall-runoff models generally have a large number of parameters which are not directly measurable and must, therefore, be estimated through model calibration, i.e. by fitting the simulated outputs of the model to the observed outputs of the catchment. Optimization methods are usually used to calibrate conceptual rainfallrunoff models by finding the values for the model parameters that minimize (or maximize), the appropriate specific calibration criterion. In the last two decades, a number of methods have been used for estimation of rainfall-runoff model parameters. Among these are: the Simplex method (Nelder & Mead, 1965) , the Newton-Raphson method (Gupta & Sorooshian, 1985) , the pattern search method of Hooke & Jeeves (1961) , the genetic algorithm (Wang, 1991) and the shuffled complex evolution method (Duan et al, 1992) . In this study, simulated annealing (SA) (Kirkpatrick et al, 1983 ) was employed to obtain the optimum set of the model parameters by minimizing the sum of squares differences between the observed and simulated monthly runoff. The application of SA to water resources problems is new (e.g. Dougherty & Marryott, 1991; Sumner et al, 1997) . Detailed description of the method with a computer code is given by Press et al. (1992) .
The default values suggested by Boughton (1984) for arid region were used as initial values for fitted parameters. Boughton (1984) suggested that S ranges between 140 mm in dense forest to 10 mm in arid areas. Similarly the guidelines on F suggest that 7 mm day" 1 is appropriate for deep permeable soils and 0.5 mm day" 1 for those of low permeability. Nathan & McMahon (1990) found that F ranges from 0 to 20 mm day" 1 , with the vast majority of values being less than 2 mm day". By definition the value of B is constrained between 0 to 1, the lower values being associated with ephemeral streams and higher values with perennial streams. The optimum parameters for the different versions of the SFB model are shown in Table 2 .
CALIBRATION RESULTS
Judgement of the effectiveness of the calibration was based on visual comparison of the observed and simulated monthly runoff, and comparison of the estimated R 2 and AV%. Table 3 summarizes the calibration results of the different versions of the SFB model for the selected basins. The R 2 values for the SFB-3 (original SFB) suggest only a moderate fit to the data for the three catchments. Thus, the SFB-3 model is not adequate to simulate the water balance components for these catchments. Therefore, investigation of the model fit as the level of parameterization increased was necessary.
The results obtained with the modified SFB-5 model are reasonably acceptable for all catchments. For example, Table 3 reveals that R 2 improves by 0.07 to 0.32 when SFB-5 is used rather than the original SFB. The R z values are increased by 19, 32 and 7% for Al-Adhaim, Khazir and Greater Zab Rivers, respectively. Generally, there was little improvement in the simulation results using SFB-6 instead of SFB-5 (R 2 improved by only 0.01 or less). Thus SFB-5 was the preferred model and the following results are based only on the SFB-5 model.
The SFB-5 model performed with varying degrees of success in terms of matching the observed surface runoff, peak flow and time to peak for all catchments. For example, simulated and observed runoff hydrographs for both Al-Adhaim (the arid catchment) and Khazir (the semi-humid catchment) were in a good agreement. Figure 2(a) shows the agreement between the observed and simulated monthly streamflow for Al-Adhaim River; the model performed quite well with R 2 and À F values of 0.85 and 7.5%, respectively. The peaks and time to peak were in good agreement (Fig.  2(a) ). Similarly, for the Khazir River (Fig. 2(b) ), the model performed well with R 2 and AFdetermined as 0.86 and 2.18%, respectively.
However, for the Greater Zab, the humid to semi-humid basin, only moderate agreement between the simulated and observed runoff hydrographs was achieved (Fig. 2(c) ); the R 2 and À F values were 0.63 and -2.2%, respectively. The performance of the model for this river could be related to several factors: (a) the river originates from a high mountainous area where snowfall occurs in winter but data about snowfall was not available; (b) the model does not have a snowfall module; and (c) the catchment area is very large, so the spatial distribution of rainfall was poorly represented by the small number of available stations.
It would be useful if the estimated parameters could be related to the physical characteristics of the catchments. To establish whether this was possible, the available soil type and vegetation cover information for the selected catchments was used. Parameter S appears to be highly related to the vegetation cover; e.g. a high S value was associated with areas dominated by oak and pine forest, and a moderate S value with an area covered by wild plants (Table 4) . A lower S value was derived for the Al-Adhaim River basin which is covered by 42% grass and 12% desert plants. It should be noted that the link between vegetation cover and S is indirect rather than direct because it follows from the SFB model structure that parameter S is related to the depth of the root zone and soil porosity. Thus deep rooted vegetation is likely to be associated with deep, porous soil profiles.
High F parameter values were associated with rocky regions as in the Al-Adhaim River basin and Greater Zab, where the area is dominated by fissures in the rock, while a moderate value was derived for the Khazir River where the soil texture is sandy (Table 5) .
As expected from the SFB model formulation, parameter B appeared to be related to the hydrological regime of the river. The Al-Adhaim River generally has low flows and had the lowest B parameter (0.66). Higher B parameter values were obtained for the perennial streams: 0.94 for the Greater Zab and 0.8 for the Khazir River.
VALIDATION RESULTS
The basic issue in model testing is to determine if the parameter estimates achieved by calibration are acceptable. It is desirable that a parameter set obtained by automatic calibration has predictive capability. Confidence in the applicability of the values established in a model calibration is enhanced if the parameter values can be successfully validated by predictions for a period not included in the calibration.
Validation trials were made for each catchment using data for a two year period, 1968-1969. The parameter estimates obtained in the calibration stage were used to simulate the runoff hydrograph for the validation period. Figure 3(a) -(c) shows the comparison between the observed and simulated runoff for the validation period for all catchments. Table 3 shows the summary statistics of the validation stage compared to the calibration stage. Generally, the R 2 values for the three catchments were reduced from 0.63-0.85 (calibration stage) to about 0.51-0.74 (validation stage). The results obtained for Al-Adhaim and Khazir rivers were acceptable; the R 2 values for both catchments were above 0.7 and the relative bias was less than 2% ( Fig. 3(a) and (b) ). However, the results for the Greater Zab (R 2 = 0.51, AV > 60%) were not acceptable (Table 3 , Fig. 3(c) ). Generally the hydrograph recessions fitted well but the peaks were underestimated. Thus, the results obtained in this trial were not encouraging.
SENSITIVITY ANALYSIS
Conceptual rainfall-runoff models such as SFB requires calibration of a number of parameter values prior to application to real catchments. Sensitivity analysis usually suggests that model performance is much more sensitive to some parameters than others (Calver, 1988) . In this study, a sensitivity analysis was performed on the optimized parameters for the Al-Adhaim basin. Some of the sensitivity runs were made in the course of the calibration process but a more comprehensive suite of simulations is presented in this section. The percentage changes in the parameters considered here are (±10%, ±20%, ±30%, and ±50%). The sensitivity results are reported as the percentage changes in the total runoff accompanying the percentage changes in the model parameters (Table 6 ). Of all the calibration parameters, the baseflow parameter (B) had the most significant effect on annual runoff. Annual runoff varied between 10 and 52% when the B value was changed by ±50%. The S parameter was the second most sensitive parameter followed by NDC. In general, for ±50% changes in F, DPF and SDR max the annual average discharge changes were less than 6%. 
SUMMARY AND CONCLUSIONS
The capability of different parameterization levels of the SFB model to simulate monthly runoff for three catchments in northern Iraq have been assessed. The only difference between these parameterization levels was the number of parameters optimized. Parameters that were not optimized were taken as fixed values from previous studies conducted in similar climatic regimes. The simulated annealing method was used to estimate the model parameters. There were three major conclusions: -Use of the original three-parameter model was not adequate to simulate the monthly streamflows of the selected catchments. The modified version (SFB-5) provided better runoff simulation than the original SFB model as shown by the average 19%) increase in R 2 with SFB-5 over that for the original SFB. Evidently SFB-5 is more capable of simulating monthly streamflow for the selected basins. It seems that the default values for DPF, SDR max , and NDC are not appropriate for the Iraqi catchments, -The SFB model performed with varying degrees of success for the selected catchments where the climate regimes are quite different; it performed well for two of the catchments, and moderately successfully for the third. Both annual runoff volumes and hydrograph shape were simulated with an acceptable degree of accuracy, with mean annual runoff volumes during the test periods predicted to within 7.48% for Al-Adhaim, 2.18% for the Khazir, and 1.3% for the Greater Zab. For Al-Adhaim (arid catchment) and Khazir (semiarid catchment), the model performed well with R 2 values of 0.85 and 0.86, respectively. Moderate agreement was achieved for the Greater Zab River (humid to semi-humid catchment, R 2 = 0.63). The model performance in the validation stage was comparable to that of the calibration stage for all catchments. Generally, the R 2 values for the three catchments were reduced from 0.63-0.85 (calibration stage) to about 0.51-0.74 (validation stage). -The sensitivity analysis indicated that some model parameters were more important than others. The baseflow parameter B was the most sensitive influence on the total runoff, whilst the S and NDC parameters were less so. The sensitivity analysis also showed that the NDC parameter was more sensitive than the F parameter. The other parameters are found to be insensitive. Further studies are required to test and calibrate the model over a wide variety of drainage basins, under a wide range of conditions in the Middle East, to make sure of its applicability for semiarid to semi-humid areas in the region. For better results snowmelt must be taken into consideration, especially in humid and mountainous areas. More complete data on the spatial distribution of rainfall and snowfall are required to obtain an improved procedure for estimating or predicting rates of hydrological processes in the drainage basins considered.
